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ABSTRACT
Acyl-CoA:diacylglycerol acyltransferase (DGAT) catalyzes the transesterification
of fatty acid from acyl-CoA to diacylglycerol (DAG) forming triacylglycerol (TAG, a.k.a
oils and fats). Most plants have at least two unrelated DGAT genes, DGAT1 and DGAT2.
Plants predominantly express only one during oil synthesis; the reason, however is not
clear. A few studies have indicated that each enzyme prefers DAG and acyl-CoA
substrates with different fatty acid compositions. Industrially desirable seed oil
composition can be obtained through genetic engineering by replacing the endogenous
enzyme with one that has different substrate selectivity. In Arabidopsis thaliana,
DGAT1 and another unrelated enzyme PDAT1 are essential for TAG synthesis in seeds
and pollen, and the dgat1-1/pdat1-2 double knock-out is pollen lethal. However, the role
of DGAT2 in Arabidopsis tissues remains elusive. It is hypothesized that DGAT2
isozymes from Arabidopsis, castor, and soybean can synthesize TAG but with altered
fatty acid composition and they utilize de novo DAG pools whereas AtDGAT1 and
AtPDAT1 use PC-derived DAG pools. To test this hypothesis DGAT2s were
overexpressed with a strong seed-specific promoter in the dgat1-1 knockout background.
Our results suggests that DGAT2s synthesize TAG in seeds with altered fatty acid
composition than AtDGAT1 and AtPDAT1. To identify the DAG pool utilized by
DGAT1, PDAT1 and different DGAT2s, in vivo labeling was performed utilizing
[14C]glycerol substrate. AtDGAT1 and AtPDAT1 were found to be using the PC-derived
DAG pool for TAG synthesis. This study provided initial data that DGAT2s also use the
PC-derived DAG pool.
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CHAPTER I - Introduction
Plant oils are used not only in cooking, but also in the automobile industry as
engine oil and lubricants, in the cosmetic industry, as varnishes, and in the
pharmaceutical and medicinal industries (Badami and Patil, 1980). About 548 million
metric tons of oilseed crops were consumed last year (USDA, 2017). To meet the
increasing demand of oilseed crops, oilseed engineers have attempted to genetically
engineer plants to increase the production of oil per plant (Bouvier-Navé et al., 2000;
Nguyen et al., 2001; Lardizabal et al., 2008) and to obtain designer oil with industrially
valuable properties, but very few such attempts have been successful (Broun and
Somerville, 1997; Cahoon et al., 1999; Wiberg et al., 2000; Smith et al., 2003; Lu et al.,
2006). In transgenic plants, sometimes bottlenecks in the pathway of TAG production
(Bates and Browse, 2011) and sometimes flux through a different pathway (Abbadi,
2004) prevents accumulation of targeted designer oil. One reason could be that the oil
synthesis is not a linear pathway but a network of pathways and its regulation is yet to be
understood (Bates and Browse, 2012). Therefore, the regulation of network of oil
synthesis needs to be understood to increase the chance of successful oilseed engineering.
Plant oil or animal fats are chemically known as triacylglycerol (TAG) because
TAG is formed by esterification of three fatty acids to the glycerol backbone. Different
fatty acids can be esterified to the glycerol backbone. TAGs that have different fatty acids
esterified to their glycerol backbone are different molecular species of TAG. Arabidopsis
thaliana, the lab rat of plant scientists, has 52 molecular species of TAG (Li-Beisson et
al., 2013). The properties of TAG are governed by the properties of fatty acids esterified.
If a majority of fatty acids esterified in TAG are saturated, the TAG stays solid at room
1

temperature (e.g. butter). If a majority of fatty acids are unsaturated, the TAG stays liquid
at room temperature (e.g. vegetable oil).
Fatty acids are denoted as number of carbon: number of double bond. The type of
functional group and the carbon number where the functional group is attached are
indicated in the superscript. For example, 18:1Δ9cis fatty acid has 18 carbons with one cis
double bond between carbon number 9 and 10. There are five common fatty acids in
plant kingdom – 16:0, 18:0, 18:1Δ9, 18:2Δ9,12 and 18:3Δ9,12,15 (Bates and Browse, 2012).
However, there are many “unusual fatty acids” accumulated by plants. Fatty acids that
are not common (such as with hydroxy or, epoxy functional groups or, conjugated double
bonds or, short chain and very long chain fatty acids) are referred in the literature as
unusual fatty acids (Badami and Patil, 1980). Some of these unusual fatty acids have been
proven to be industrially valuable. For example, castor (Ricinus communis) accumulates
90% ricinoleic acid (18:1Δ9cis,12-OH) in its TAG. Castor oil and its derivatives are used in
fuel and biodiesel industry, in synthesis of polymer materials, soap, waxes, greases,
lubricants, hydraulics, brake fluids, fertilizers, coatings, paints, and in pharmacological
and medicinal industries (Patel et al., 2016).
Even though the plants can accumulate high levels of unusual fatty acids, these
plants are either slow-growing (e.g., Tung tree) or, toxic (e.g., castor accumulates ricin).
Therefore, efforts have been made to engineer non-food commercial crops to produce
these unusual fatty acids. However, very few of these efforts have been successful. These
transgenic plants are suspected to have feedback inhibition or metabolic bottlenecks,
absent in the wild-type plants, leading to low yield, which is unacceptable for industrial
use (Shintani and Ohlrogge, 1995; Bates and Browse, 2011; Andre et al., 2012; Bates et
2

al., 2014). To increase the success of oilseed engineering, it is necessary to understand
the networks of pathways and how they are regulated in plants. So far, at least four
different interconnected pathways of TAG synthesis have been proposed, which are
discussed below .
1.1 Triacylglycerol synthesis pathways
Fatty acid synthesis takes place in the plastid after the synthesis of malonyl-CoA
from acetyl-CoA by acetyl-CoA carboxylase (ACCase). The fatty acid synthase (FAS)
produces palmitic acid bound to acyl carrier protein (ACP). The palmitoyl-ACP can be
further modified to produce 18:0-ACP or 18:1-ACP while in the plastid. These fatty acids
can be directly utilized by acyltransferases in the plastid for glycerophospholipid
synthesis or, can be exported to endoplasmic reticulum for TAG synthesis (Ohlrogge and
Browse, 1995).
Previously, TAG was believed to be synthesized using a linear pathway; however,
recently it has been shown that TAG synthesis is not just a linear pathway but also
incorporates a network of pathways including membrane lipid biosynthesis (Bates et al.,
2009; Bates and Browse, 2011; Bates and Browse, 2012).
1.1.1 Kennedy pathway or, de novo pathway of TAG synthesis
The first characterized pathway of TAG synthesis was the linear pathway also
known as the de novo pathway or Kennedy pathway of TAG synthesis. In this pathway,
TAG synthesis starts with the acylation of glycerol-3-phosphate (G3P) from acyl-CoA.
The first acylation is catalyzed by acyl-CoA:glycerol-3-phosphate acyltransferase
(GPAT), forming lysophosphatidic acid (LPA). The gene (GPAT9) responsible for
producing GPAT in Arabidopsis was identified by us in 2016 (Shockey et al., 2016). The
3

LPA is acylated by acyl-CoA:lysophosphatidic acid acyltransferase (LPAT) forming
phosphatidic acid (PA). The phosphate group of PA is hydrolyzed by phosphatidic acid
phosphatase (PAP), forming diacylglycerol (DAG). The remaining sn-3 position of DAG
is finally acylated by acyl-CoA:diacylglycerol acyltransferase (DGAT) to form TAG as
shown in Figure 1.1.

OH
OH
P
G3P

OH
P

P

OH

LPA

PA

DAG

TAG
Storage
Oil

16:0
18:1
ER
Acyl-CoA
pool

16:0
18:1

FAS
Plastid

Figure 1.1 Kennedy pathway or de novo pathway of TAG synthesis
Black dotted arrows indicate utilization of acyl-CoA from acyl-CoA pool for acyltransferase reaction. Abbreviations: FAS, Fatty acid
synthesis; ER, Endoplasmic reticulum; G3P, glycerol-3-phosphate; LPA, lyso-phosphatidic acid; PA, phosphatidic acid; DAG,
diacylglycerol; TAG, triacylglycerol.

It was found that some fatty acid modifying enzymes recognize
phosphatidylcholine (PC), a membrane lipid, as their substrate (Arondel et al., 1992;
4

Okuley et al., 1994; van de Loo et al., 1995). The de novo pathway of TAG synthesis
cannot explain the accumulation of those fatty acids in TAG. Therefore, it was suggested
that plants are using some other TAG synthesis pathway which interconnects the TAG
synthesis with membrane lipid synthesis.
1.1.2 PC-derived DAG/TAG synthesis pathway
Only 16:0, 18:0, and 18:1 fatty acids are synthesized in the plastid. However, in
addition to those three fatty acids, 18:2 and 18:3 are also commonly found in plant oil.
Fatty acid desaturase-2 (FAD2) which synthesizes 18:2 from 18:1 (Okuley et al., 1994)
and FAD3 which synthesizes 18:3 from 18:2 (Arondel et al., 1992) recognize the sn-2
position of phosphatidylcholine (PC) as their substrate (Bates and Browse, 2012). This
suggests that PC synthesis may be interlinked with TAG synthesis.
PC can be synthesized de novo by esterifying phosphocholine head-group to the sn3 position of the de novo DAG by cytidine diphosphate-choline:diacylglycerol
cholinephosphotransferase (CPT) (Slack et al., 1985). Phosphatidylcholine:diacylglycerol
cholinephosphotransferase (PDCT) can exchange the phosphocholine head-group between
PC and DAG, synthesizing new molecular species of PC and DAG but without any net
synthesis of DAG and PC (Lu et al., 2009). Similarly, another way of synthesizing new
molecular species of PC is by the acylation-deacylation of PC by acyl CoA:lysophosphatidylcholine acyltransferase 1 (LPCAT1) and LPCAT2, which will be discussed
further in Section 1.1.3. Once, PC is synthesized, fatty acid modifying enzymes can act on
the sn-2 position of PC, producing a new molecular species of PC with altered fatty acid
composition.

5

This new molecular species of PC can be used to synthesize DAG, which will be a
different molecular species than the de novo DAG. There are different enzymes that can
synthesize DAG from PC. Reverse action of CPT can remove the phosphocholine headgroup from PC, synthesizing DAG (Slack et al., 1983). PDCT can also synthesize a new
molecular species of DAG and PC by exchanging the head-group between PC and DAG.
In fact, PDCT was found to be responsible for ~40% flux of PUFA from PC to PC-derived
DAG (Lu et al., 2009). Phospholipase C (PLC) can also synthesize DAG from PC by
removing the phosphocholine head-group (Schütze et al., 1991). Phospholipase D can
hydrolyze the choline head-group (Lee et al., 2011) forming phosphatidic acid (PA) and
phosphatidic acid phosphatase (PAP) can eliminate the phosphate head-group, forming
DAG from PC (Yang et al., 2017).
As shown in Figure 1.2, the de novo DAG can be used to make PC, where fatty acid
modifications take place. This PC can be used to synthesize a new molecular species of
DAG. This new molecular species of DAG, referred to as PC-derived DAG, can be used
to make TAG. This is known as PC-derived DAG/TAG synthesis pathway.

6
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Figure 1.2 PC-derived DAG/TAG synthesis pathway
Black dotted arrows indicate utilization of acyl-CoA from acyl-CoA pool for acyltransferase reaction. Abbreviations: FAS, Fatty acid
synthesis; ER, Endoplasmic reticulum; G3P, glycerol-3-phosphate; LPA, lyso-phosphatidic acid; PA, phosphatidic acid; PC,
phosphatidylcholine; DAG, diacylglycerol; TAG, triacylglycerol.

1.1.3 Acyl-editing pathway of TAG synthesis
Acyl-editing pathway is believed to provide a variety of fatty acids to
acyltransferases of the plants using the de novo pathway of TAG synthesis. In this
pathway, a new molecular species of PC is produced, but without any net synthesis of PC
(Bates et al., 2012).
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Figure 1.3 Acyl-editing pathway
Red dotted arrows indicate flux of modified acyl-CoA, obtained from acyl-editing pathway, to de novo pathway and PC-derived
DAG/TAG synthesis pathway. Red solid arrows indicate deacylation phase and blue solid arrows indicate acylation phase of acylediting pathway. Abbreviations: FAS, Fatty acid synthesis; ER, Endoplasmic reticulum; G3P, glycerol-3-phosphate; LPA, lysophosphatidic acid; PA, phosphatidic acid; PC, phosphatidylcholine; LPC, lyso-phosphatidylcholine; DAG, diacylglycerol; TAG,
triacylglycerol.

This pathway has two phases, as shown in Figure 1.3. In the acylation phase,
LPCAT acylates lyso-phosphatidylcholine (LPC) using acyl from acyl-CoA pool (Bates
et al., 2012). In the deacylation phase, the reverse action of LPCAT is believed to transfer
modified fatty acid from PC to the acyl-CoA pool, where it can be used by any acyl-CoA
dependent acyltransferases (Stymne and Stobart, 1984).
8

1.2 Enzymes of interest
PDAT enzyme transfers acyl group from the sn-2 position of PC to the sn-3
position of DAG and DGAT is the acyltransferase enzyme that transfers acyl group from
acyl-CoA to the sn-3 position of DAG. The PDAT1 and two isozymes of DGAT,
DGAT1 and DGAT2 are of interest in this project and are discussed below.
1.2.1 Acyl-CoA:diacylglycerol acyltransferase 1 (DGAT1)
DGAT is the final enzyme of TAG synthesis that esterifies fatty acid from acylCoA to the sn-3 position of DAG forming TAG. So far, different isozymes of DGAT
have been identified in plants. DGAT1 was the first DGAT to be identified (Cases et al.,
1998b). It is a ~520 amino acid long protein with 6-10 transmembrane domains whose
hydrophilic transmembrane domain localizes in the endoplasmic reticulum (ER)
(Bouvier-Navé et al., 2000; Shockey et al., 2006).
DGAT1 was identified in mouse based on the homology of its expressed sequence
tag (EST) to acyl-CoA:cholesterol acyltransferase (ACAT) (Cases et al., 1998b; Cases et
al., 1998a). Cases et al. (1998b) expressed its cDNA in insects and reported increased
DGAT activity. Soon after, it was identified in plants by three independent groups in
1999 (Hobbs et al., 1999; Routaboul et al., 1999; Zou et al., 1999).
Katavic et al. (1995) generated random mutants induced by ethyl
methanesulfonate (EMS). In that paper, they reported an Arabidopsis mutant called
AS11, which had reduced 18:1, increased 18:3, reduced 20:1 fatty acids along with a
20% reduction in total oil (Katavic et al., 1995). In 1999, Zou et al. reported that mutation
9

in the DGAT1 gene had led to such an oil phenotype. In 2001, Jako et al. expressed A.
thaliana DGAT1 (AtDGAT1) cDNA in this AS11 knock-out and reported
complementation of the phenotype.
Routaboul et al. (1999) characterized the T-DNA mutant that had this same
phenotype. Hobbs et al. (1999) expressed AtDGAT1 cDNA in insect cells and
functionally characterized it based on enzyme assays. Zhang et al. (2009) referred to the
EMS mutant as dgat1-1 and the T-DNA mutant as dgat1-2. In this project, the EMS
mutant was utilized and is referred to as dgat1-1.
Jako et al. (2001) expressed AtDGAT1 cDNA in the AS11 mutant and reported
complementation of the oil phenotype. Overexpression of AtDGAT1 and Brassica napus
DGAT1 (BnDGAT1) in B. napus under the seed specific promoter and also reported an
increase in total oil accumulation in greenhouse and field trials (Taylor et al., 2009).
These knock-out complementation and overexpression analyses confirmed that the tested
plants utilize DGAT1 in TAG synthesis.
1.2.2 Acyl-CoA:diacylglycerol acyltransferase 2 (DGAT2)
The DGAT2 gene was first identified in the oleaginous fungus Morteriella
ramanniana, by Lardizabal et al. (2001). They reported this gene to be unrelated to
DGAT1 (Lardizabal et al., 2001). A comparison of DGAT1 and DGAT2 of the Tung tree,
A. thaliana, and rice (Oryza sativa) revealed only 50% identity (Shockey et al., 2006).
DGAT1 is related to the acyl-CoA:cholesterol acyltransferase (ACAT) enzyme (BouvierNavé et al., 2000) whereas DGAT2 is related to the acyl-CoA:monoacylglycerol
acyltransferases (MGAT) and the acyl-CoA wax alcohol acyltransferases (AWAT)
enzymes (Lardizabal et al., 2001). DGAT2 is smaller than DGAT1 with only ~320 amino
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acids and 1-2 transmembrane domains. DGAT2 also localizes in the ER like DGAT1.
However, Shockey et al. (2006) showed that Tung tree DGATs, Vernicia fordii DGAT1
(VfDGAT1) and VfDGAT2 localize in different regions of the ER.
The in vivo function of A. thaliana DGAT2 (AtDGAT2) has, however, remained
elusive. Zhang et al. (2009) showed that dgat2-like knock-out (SALK_067809) in Col-0
and the dgat1-1 EMS mutant background had no change in lipid composition. They also
showed that DGAT2-like was not able to restore TAG synthesis in yeast strain lacking
DGAT and PDAT for TAG synthesis and ARE1 and ARE2 for sterol synthesis (Zhang et
al., 2009). Furthermore, Arabidopsis and soybean have a negligible amount of DGAT2
transcripts expressed in the maturing seeds (Li et al., 2010). This gave rise to a question if
AtDGAT2 is a functional protein. The transient expression of the AtDGAT2 in Nicotiana
Benthamiana under 35S promoter had higher DGAT activity than the expression of the
AtDGAT1 (Zhou et al., 2013), suggesting it is indeed a functional protein. Codon
optimized expression of AtDGAT1 and AtDGAT2 showed that they had different
substrate specificities (Aymé et al., 2014). So far, it is not known why plants keep a small
amount of this functional enzyme, but not use it.
Many overexpression experiments of different plant DGAT2s have shown that
they can increase total oil production in the transgenic plants (Lardizabal et al., 2008; Erp
et al., 2011; Zhou et al., 2013). Therefore, it is hypothesized that if the AtDGAT2 was
overexpressed, it could contribute to TAG synthesis as much as PDAT1 and DGAT1.
1.2.3 Phosphatidylcholine:diacylglycerol acyltransferase (PDAT)
PDAT was first characterized by Dahlqvist et al. (2000). They enzymatically
characterized PDAT from Ricinus communis, Crepis palaestina, Helianthus annuus and
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Saccharomyces cerevisiae (Dahlqvist et al., 2000). Ståhl et al. (2004) cloned out A.
thaliana PDAT (AtPDAT) cDNA and overexpressed in Arabidopsis under 35S promoter.
The overexpressing lines had increased PDAT activity in microsomal enzyme assays.
They also showed that PDAT uses PC and DAG for TAG synthesis. PDAT can use both
the sn-1 and sn-2 acyl group esterified to PC as an acyl donor but preferred the sn-2
position. The overexpressing lines, however, did not have any change in fatty acid and
lipid composition when compared to the wild-type control (Ståhl et al., 2004). Similarly,
Mhaske et al. (2005) characterized PDAT T-DNA mutant in Arabidopsis and reported
that the knock-out did not have any significant change in lipid composition (Mhaske et
al., 2005). The overexpression and knock-out data led to a belief that PDAT may not be
essential in lipid metabolism.
Zhang et al. (2009) showed that DGAT1 and PDAT1 have overlapping function in TAG
synthesis. They knocked down PDAT1 in the dgat1-1 mutant by RNAi and a reduction in
total oil accumulation as great as 80% was reported. Furthermore, the pdat1-2 knock-out
in this dgat1-1 knock-out was found to be pollen lethal (Zhang et al., 2009). Xu et al.
(2012) showed that the PDAT1 is upregulated in the dgat1-1 EMS knock-out line (Xu et
al., 2012). This confirmed that PDAT1 is not only a functional enzyme but also, plays an
important role in TAG synthesis in seeds.
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Figure 1.4 PDAT synthesizes TAG from PC and DAG
Black dotted arrows indicate flux of acyl-CoA from plastid to de novo pathway. Purple dotted arrows indicate PDAT reaction to
synthesize TAG using PC and DAG. Abbreviations: FAS, Fatty acid synthesis; ER, Endoplasmic reticulum; G3P, glycerol-3phosphate; LPA, lyso-phosphatidic acid; PA, phosphatidic acid; PC, phosphatidylcholine; DAG, diacylglycerol; TAG, triacylglycerol.

1.3 It is not known whether PDAT uses de novo DAG or PC-derived DAG as acyl
acceptor, therefore, in Figure 1.4, PDAT shown to be utilizing both de novo DAG
and PC-derived DAG to synthesize TAG.Hypothesis
The Arabidopsis dgat1-1 knock-out had a 20% reduction in oil production with
altered fatty acid composition (Katavic et al., 1995; Zou et al., 1999). The AtPDAT1
upregulation in this line carried out the remaining 80% TAG synthesis (Xu et al., 2012)
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and dgat1-1/pdat1-2 double mutant is pollen lethal (Zhang et al., 2009). However, the
pdat1-2 knock-out in Col-0 had no effect on lipid composition (Mhaske et al., 2005).
Therefore, it is believed that as long as AtDGAT1 is present, it synthesizes TAG. In its
absence, AtPDAT1 is upregulated and carries out TAG synthesis. What is unknown is:
why is AtDGAT2 not used for TAG synthesis? After all, it is a functional enzyme(Zhou
et al., 2013; Aymé et al., 2014). It is hypothesized that if AtDGAT2 is overexpressed, it
will be able to synthesize TAG in seeds because it has DGAT activity. It is also
hypothesized that DGAT2s from different plant species will produce different oil
phenotype in the transgenic plant.
Arabidopsis and soybean have higher expression of DGAT1 than DGAT2 in 9-21
days after flowering (DAF) and 25-65 DAF seeds respectively (Li et al., 2010) whereas
castor has higher expression of DGAT2 than DGAT1 in developing seeds (Kroon et al.,
2006; Troncoso-Ponce et al., 2011). In vivo labelling experiments with [14C]glycerol (and
[14C]acetate) substrates have shown that Arabidopsis and soybean utilize the PC-derived
DAG/TAG synthesis pathway (Bates et al., 2009; Bates and Browse, 2011), and similar
in vitro experiment in castor indicates that castor uses the de novo pathway of TAG
synthesis (Bafor et al., 1991). It is strongly suggested that plants have different DAG
pools (Bates et al., 2009; Bates and Browse, 2011; Bates and Browse, 2012) and as seen
in Section 1.1, it is the fate of de novo DAG, that dictates which pathway of TAG
synthesis is utilized. So far, it is not known if DGAT1, DGAT2 and PDAT1 utilize same
or different DAG pools.
Arabidopsis and soybean use DGAT1 and the PC-derived DAG/TAG synthesis
pathway (Bates et al., 2009; Li et al., 2010; Bates and Browse, 2011) and castor uses
14

DGAT2 and the de novo pathway of TAG synthesis (Bafor et al., 1991; Kroon et al.,
2006; Troncoso-Ponce et al., 2011). Therefore, it is hypothesized that AtDGAT1 uses
PC-derived DAG pool and DGAT2 uses de novo DAG pool. PDAT could use either the
de novo DAG pool or PC-derived DAG pool with PC to make TAG.
To test these hypotheses, DGAT2 cDNA from different plant species were
expressed in the dgat1-1 background of Arabidopsis. Arabidopsis was used in this project
because it is a diploid organism, in which, segregation of the transgene is simpler and
faster than in other polyploid plants. Its genome is fully sequenced, and extensive
research has been done to optimize its genetic engineering. It is relatively small and can
be grown in a small growth chamber. Arabidopsis can be easily transformed and a
number of independent transformants can be screened to validate the effect of
transformation (The Arabidopsis Genome Initiative, 2000). Therefore, different plant
DGAT2s were overexpressed in Arabidopsis.
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CHAPTER II – Materials and Methods
2.1 Plant lines and growth conditions
Different DGAT2 cDNAs were overexpressed in the dgat1-1 mutant of
Arabidopsis under a strong seed specific promoter, At2S-3 promoter. The At2S-3
promoter controls the expression of 2S Albumin seed storage protein in Arabidopsis
(Guerche et al., 1990; Shockey et al., 2015). To examine the effect of the overexpressed
DGAT2s without competition with the endogenous enzymes of TAG synthesis, it would
have been desirable to overexpress DGAT2s in the the dgat1-1/pdat1-2 double knockouts, but this double mutant is pollen lethal (Zhang et al., 2009) and the pdat1 mutant has
no oil phenotype (Mhaske et al., 2005). Therefore, the DGAT2s were overexpressed in
the dgat1-1 background.
The AtDGAT1 overexpression was used as positive control and no gene construct
as negative control. If the positive control is able to complement the oil phenotype back
to the Col-0 level, it implies that the transformation protocols worked and the
experimental design is valid. If the no gene control has the same oil phenotype as the
dgat1-1 background, it implies that the transformation protocol alone does not affect the
lipid phenotype and any phenotype observed can be attributed to the transgene. The
AtDGAT2 was used to test the hypothesis whether its overexpression will make it able to
synthesize TAG in Arabidopsis seeds, like DGAT1 and PDAT1. Glycine max DGAT2
(GmDGAT2) gene was used to see how a DGAT2 protein from a plant that does not use
DGAT2, just like Arabidopsis, affects the lipid metabolism. RcDGAT2 was used to see
how an active DGAT2 from another species that uses a different DGAT isozyme affects
the lipid metabolism.
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Plant were grown in 16-hour day/8-hour night cycle until homozygous transgenes
were obtained. For all experiments on the homozygous plants, plants were grown in 24hour light at 150-200 µmol m-2 s-1 at 23C in Percival growth chambers.
2.2 Preparation of constructs containing the transgene
Our collaborator Dr. Jay Shockey from USDA-ARS, New Orleans had shuttle
plasmids containing the At2S-3 promoter (Guerche et al., 1990; Shockey et al., 2015), HA
or myc epitope-tagged gene of interest with glycinin terminator. Sub-cloning was
performed using AscI, an 8-base restriction enzyme that would cut the shuttle plasmid
into two portions. One portion contained promoter, gene and terminator (insert) and the
other portion was cut into two halves using ApaLI. The insert was purified from agarose
gel and ligated to a binary vector B110 digested with AscI.
The B110 vector contained a portion of T-DNA of A. tumefaciens. Agrobacterium
is a natural genetic engineer that inserts a portion of its T-DNA into the plant genomic
DNA. The T-DNA also includes virulence genes, which cause crown gall disease in
plants (Gelvin, 2003). The binary vector B110 used for transformation lacks those genes
rendering it non-pathogenic. DsRed is a selectable marker (Jach et al., 2001) included in
the B110 vector.
The plasmid formed by ligating the insert and the binary vector was transformed
into XL10Gold competent Escherichia coli to amplify the plasmid, by heat-shock
treatment and was selected on kanamycin containing SOC media agar plates. Since, both
ligation sites were prepared using AscI, the insert and the vector could ligate in any
direction. Directional polymerase chain reaction (PCR) was performed on plasmids
extracted from eight colonies of each DGAT lines to find colonies that had the insert and
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the binary vector ligated in correct orientations. Another problem with using only one
restriction enzyme is the possibility of ligation of more than one insert and/or more than
one vector, which reduces the transformation rate and skews the result. To avoid using
such plasmids for transformation, the plasmids from two positive colonies from
directional PCR were digested using ApaLI and EcoRV-HF restriction enzymes.
The selected plasmids containing only one insert and one binary vector ligated in
the correct orientation were used to transform Agrobacterium by electroporation. A
starter media of the transformed A. tumefaciens was cultured in 5 mL 2x YT media with
kanamycin and gentamycin.
A. tumefaciens from the starter was used to grow a larger (~250 mL 2X YT
media/DGAT) culture overnight to transform the dgat1-1 knock-out of Arabidopsis using
the floral dip method (Clough and Bent, 1998). In short, A. tumefaciens cells were
pelleted, resuspended in 5% sucrose using stir bar. Silwet was added at 0.02% final
concentration just before dipping the aerial parts of the dgat1-1 knock-out Arabidopsis
plants to induce wounding. The phenolic compounds released from the wound signals
Agrobacterium to insert its T-DNA (Gelvin, 2003). The secondary floral parts, which
were not dipped, were transformed by pipetting the A. tumefaciens sucrose solution over
them.
2.3 Screening of the transgenic plants
The transformed T0 plants were grown and T1 seeds were harvested. The T1 seeds
were heterozygous for the transgenes since, only the female gametophytes are
transformed by A. tumefaciens (Clough and Bent, 1998). The transformed seeds were
selected based on the DsRed selectable marker. The T-DNA used for transformation had
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DsRed marker along with the genes of interest; if the seed is expressing the gene of
interest, it would also produce DsRed protein, which glows red under green light with red
filter (Jach et al., 2001). Thus, selected T1 red seeds were grown to yield T2 plants.
In T2 generation, transformants were screened based on three methods before
selecting them for next generation – genotyping, DsRed marker and lipid analysis. The
first method was genotyping plants after they had been transferred to soil for a month.
DNA was extracted from green leaves for PCR using the Edwards’ protocol (Edwards et
al., 1991).
PCR was performed according to manufacturer’s instructions using Promega
GoTaq® Green Master Mix (Catalog # M7123). The dgat1-1 mutant backgrounds were
confirmed by PCR using the published primers (Zou et al., 1999). The presence of the
transgenes was also confirmed using PCR. The primers were designed in NCBI Primer
Blast and are listed in Table 1.
According to the Mendel’s law of segregation, the segregation of the
heterozygous T1 seeds (selected based on the DsRed expression) should produce a 3:1
ratioof transformed:non-transformed seeds. In this generation also, DsRed selectable
marker was utilized to separate the non-transformed seeds from transformed seeds. The
plants that produced the 3:1 ratio were used for lipid analysis and the plants that did not
the 3:1 ratio were discarded.
The third method of selection was lipid analysis. In T2 seeds, total lipid and fatty
acid composition of transformed and non-transformed seeds from the same plant were
compared to choose four transformants for each DGAT transgenic line. The four
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transformants were grown in successive generations until homozygous seeds were
obtained.
The Mendel’s law of segregation also states that 1/3rd of the transformed T2 seeds
should be homozygous whereas 2/3rd should be heterozygous. If a homozygous seed is
grown, it would yield all transformed (red) seeds. If a heterozygous seed is grown, it
would yield a mixture of transformed and non-transformed seeds. The conventional PCR
used in the lab cannot infer whether the sample has one or two copies of the transgene;
therefore, the only way to tell if a seed is homozygous is by taking it to next generation
and observing if it yields all red seeds. In T4 and T5 generations, 3-4 independent
transformant per DGAT line had produced homozygous transgenes. Total lipid and fatty
acid composition of 12 plants of the 3-4 independent transformant of each DGAT lines
were compared. Any plant whose T2 seeds produced a different lipid phenotype were not
propagated any further attributing the difference to possible insertion of the T-DNA into
a gene involved in lipid metabolism. Therefore, in this generation, all independent
transformants transformed with same gene were expected to have similar phenotype. The
transformant whose phenotype was closer to the average was chosen for all further
experiments.
2.4 Screening for the expression of the transgenic proteins
Twenty mid-developing green siliques without pedicel, were ground in liquid
nitrogen using Qiagen TissueLyzer at 50 oscillations/sec for 30 sec. for 3-4 cycles until
fine powder was obtained. Total protein was extracted by reducing the EDTA and βME
concentration in Tsugama et al.’s method (Tsugama et al., 2011) to make the extraction
buffer compatible with the protein assay. The protein extraction buffer containing 20 mM
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EDTA, pH 8.0, 0.12 M Tris-HCl, pH 6.8, 5% glycerol, 4% SDS and 7% βME was added
to the ground tissue and ground again in the TissueLyzer. The mixture was incubated at
100C for 10 min. and centrifuged at 17,000 g for 20 min. The supernatant was extracted,
and total protein content was measured using Pierce 660 nm assay. The total protein was
used to detect DGAT2 proteins tagged with myc-epitope and DGAT1 protein tagged with
HA-epitope. A 1 mg/ml multifusion tagged marker containing both HA and myc epitope
from Alpha Diagnostic International (Catalog # MFPM20-C) was used as standard.
Standard western blotting protocols were used (Towbin et al., 1979). Electrophoresed
proteins were transferred to 0.2 µm Bio-Rad nitrocellulose membranes (Catalog # 1620112). Both primary antibodies – HA antibody (Catalog # A190-108A) and c-myc
antibody (Catalog # A190-105A) were obtained from Bethyl laboratory. A secondary
antibody mouse anti-rabbit IgG-HRP (Catalog # sc2357) was obtained from Santa Cruz
Biotechnology. Clarity™ Western ECL Substrate (Catalog # 1705060) from Bio-Rad
was used for chemiluminescent detection.
2.5 Total Lipid Analysis
To analyze the lipid composition, 20 seeds were counted and directly
transmethylated along with 25 µg of 17:0-TAG as an internal standard, at 85°C with 1
mL 5% sulfuric acid in methanol for 1.5 hr. Thus, formed fatty acid methyl esters
(FAMEs) were extracted in 250 mL hexane after phase separation using 1.5 mL 0.88%
potassium chloride (Li et al., 2006). The extracted FAMEs were injected into Shimadzu
GC-2010 Plus Gas Chromatograph with Flame Ionization Detection (GC-FID) with 30 m
long Restek-65 capillary column (Catalog # 17023) with 0.25 mm internal diameter (ID)
and 0.25 µm pore size. The GC conditions were as follows: split mode injection (1:40), 5
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μl injection volume, injector at 250°C and flame ionization detector at 270°C with oven
temperature programmed at 190°C for 2 min., increasing at 20°C/min to 230°C, then
increasing at 3°C/min to 250°C and holding at 250°C for 2 min.
Nu-check GLC standard 17A was used to identify peaks and the peaks were
quantified by comparing the area under the peak of each fatty acid to the area of the 17:0
internal standard.
2.6 Lipid analysis across developmental stages
To stage siliques, flowers were counted every other day. For example, if a plant
had 5 flowers on Monday and 8 flowers on Tuesday, the 3 new flowers were considered
to be 1-2 days after flowering (DAF). Thus, flowers were staged for eight days, and the
siliques were harvested in isopropanol at 85C on the 19th day of the first day of staging.
Thus, the oldest siliques would be 17-18 DAF old. Heating the silique tissues at 85C in
isopropanol for 10 minutes inactivates the lipases that can hydrolyze the glycerolipids.
The siliques were stored at -20C until lipid extraction was performed using a modified
protocol by Kansas Lipidomics Research Center (http://www.k-state.edu/lipid/). All
solvent volumes were doubled and 0.88% KCl was used for the phase separation instead
of water. The total lipid was quantified as discussed in Section 2.5 using GC-FID, but
2.5% sulfuric acid in methanol was instead of 5%.
The total lipid after quantification was fractionated in Thermo Scientific Ultimate
3000 UHPLC to collect TAG, DAG, and polar lipid fractions. The remaining lipid after
GC-FID was resuspended in hexane/isopropanol (3/2) to obtain a final concentration of 6
mg/ml, and 40 µl of this mixture was injected into the HPLC. The HPLC was equipped
with LPG-3400SD pump, VWD-3100 photometer, WPS-3000 TSL autosampler, TCC22

3000 SD column compartment, AFC-3000 Dionex fraction collector and SR-3000
Dionex Ultimate 3000 solvent racks. A 250 mm long PVA-Sil column with 4.6 mm ID, 5
μm particle size, and 120Å pore size was used and a 10 mm long guard column with 4
mm ID, 5 μm particle size, and 120Å pore size was used (YMC-Pack PVA-Sil). The
oven temperature was maintained at 35C and the autosampler temperature was
maintained at 20C.
Table 2.1 Gradient elution system used for the elution of lipid classes
No

min
1
3
4
5
6
7
8
9
10
11
12
14

%B
-12.0
0.0
0.0
6.0
7.0
9.0
11.0
13.0
14.0
17.0
18.0
18.0

99.5
92.0
78.0
15.0
0.0
0.0
0.0
0.0
99.5

%C
%D
Equilibration
Run
0.0
0.0
0.0
0.0
1.0
1.0
12.0
12.0
25.0
25.0
25.0
25.0
0.0
0.0
0.0
0.0
0.0
0.0
Stop Run

Following solvents were used as mobile phase: A, 100% isopropanol; B, 100%
hexane; C, 100% methanol; D, isopropanol/water/acetic acid (6/4/0.06%) (v/v/v). The
solvent program used for fraction collection is shown in Table 2.1. The first 12 min. was
used to equilibrate the column prior to injection of the sample, the remaining 18 min.
fractionation scheme was used to fractionate the lipid components using time-based
separation. The program used on fraction collector is given in Table 2.2.
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Table 2.2 Sequence used for fraction collection of the fractionated lipids
No

Start min
End min Fractions
1 Start Run
3.10 Wash
2
3.20
4.70 TAG
3
4.75
4.85 Wash
4
4.90
7.00 DAG
5
7.10
9.00 Wash
6
9.10
12.80 Polar lipids
7
13.00
14.50 PC

Fraction 2 was collected for TAG, fraction 4 for DAG and fractions 6, 7 were combined for polar lipids

The fractions for TAG, DAG and polar lipids were collected, dried under
nitrogen, resuspended in 200 µl toluene containing 0.2 mg/ml 17:0-TAG, transmethylated
and analyzed using GC-FID, as discussed in Section 2.5.
2.7 In vivo Labeling
Developing seed collection from siliques for in vivo labelling takes a long time
which allows time for error and variation in treatment between the lines. Therefore,
labelling was performed in two batches (~ 6 months apart). In the first batch, all controls,
Col-0, dgat1-1 and AtDGAT1 lines were labelled to optimize the methods and to choose a
control to test with the DGAT2 transgenic lines. In the second batch, the dgat1-1 mutant
and various DGAT2/dgat1-1 over expression lines were labelled.
The labelling experiments were performed as explained by Bates et al. (2011).
Developing seeds were harvested from 9-10 DAF old 150 siliques and collected in an
incubation media containing 5 mM MES, pH 5.8, 0.5% sucrose, and 0.5X MS salts. After
20 min. equilibration at ~100 μE, the seeds were divided into triplicates per line and 1
mL of the incubation media containing 0.20 mM (30 µCi) of [14C(U)]glycerol was added.
[14C(U)]glycerol (specific activity 150 mCi/mmol) was purchased from American
Radiolabeled Chemicals, Inc. Out of the 1 mL added to each replicate, ~220 μL aliquot
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was pipetted out at 3, 6, 10, 30, 180 min. and quenched in isopropanol at 85°C for 10
min. Each aliquot could have different number of seeds therefore, a normalizing factor is
necessary. The transgenes are only expected to affect the lipid metabolism, so, the
chlorophyll content between the lines is not expected to change. Therefore, total
chlorophyll content was quantified in acetone to use as a normalizing factor
(Lichtenthaler and Wellburn, 1983).
Total lipid was quantified using GC-FID as explained in Section 2.6, and
radioactivity incorporated into total lipid was measured using Beckman Coulter Liquid
Scintillation Counter (LSC). Total lipid containing ~5000 DPM was separated into
different lipid classes using thin layer chromatography (TLC). TLC silica gel 60 TLC
plates from EMD Millipore Corporation (Catalog #1205N62) were used.
Chloroform/methanol/acetic acid (75/25/8) solvent system was used to separate polar
lipids (Bates et al., 2007) and hexane/ether/acetic acid (70/30/1) solvent system was used
to separate neutral lipids (Bates and Browse, 2011). Only 350 µg/cm total lipid was
loaded to avoid overloading the TLC plate. The TLC plates were stained with 0.005%
primulin in 80% acetone and the lipid spots were visualized under UV light. The lipid
spots were scraped off the TLC plate and transmethylated. The transmethylation protocol
described in Section 2.6 was used, but water was used to cause phase separation instead
of 0.88% KCl. The hydrophobic acyl group would phase separate into the organic hexane
phase whereas the hydrophilic glycerol backbone would stay in the aqueous phase. The
radioactivity in the organic phase and the aqueous phase were measured using LSC to
quantify the incorporation of 14C into the acyl group and the backbone.
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2.8 Software
MS Excel 2016 and GraphPad Prism Version 7 were used to prepare figures and
to perform statistical analyses presented in this thesis. The t-tests were performed using
default parameters for unpaired tests with Welch’s correction. NCBI Primer BLAST was
used to design primers to test for the presence of the transgenes. Bio-Rad Image Lab
software Version 6.0 was used to image protein gels and western blot membranes.
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CHAPTER III - Results
3.1 Construction of the vector containing genes of interest
Our collaborator Dr. Jay Shockey from USDA-ARS, New Orleans had plasmids
containing At2S-3 promoter – gene of interest – glycinin terminator. The insert was
subcloned into a binary vector which contained a portion of A. tumefaciens T-DNA
without the virulence genes responsible for pathogenicity. The binary vector had
kanamycin for selection of the transformed A. tumefaciens and DsRed for selection of the
transformed Arabidopsis. Since, the inserts and the binary vector were cut with the AscI
enzyme, there was a chance that the insert and the vector would ligate in the opposite
direction and more than one insert could ligate into one vector or one insert could ligate
with more than one vector.
To ensure the plasmid used for transformation had the insert and the vector
ligated in the correct orientation, directional PCR was performed with plasmid extracted
from eight colonies of transformed E. coli for each DGAT line (Figure 3.1). The sequence
at the two ends of the insert and vector were different except for the AscI restriction site,
a PCR product was obtained only if the insert and vector were ligated in the correct
orientation.

27

A
3 kb
2 kb
1.5 kb

1

2

3

4

5

6

7

8

1

2

3

4

5

6

7 8

1

2

3

4

5

6

7

8

1

2

3 4

5

6

7

8

1

2

3

5

6

7

8

0.5 kb
B
3 kb
2 kb
1.5 kb
0.5 kb
C
3 kb
2 kb
1.5 kb
0.5 kb
D
3 kb
2 kb
1.5 kb
0.5 kb
E

3 kb
2 kb
1.5 kb
0.5 kb

4

Figure 3.1 Directional PCR of the E. coli plasmids transformed with different DGAT
transgenes
Eight colonies of E. coli transformed with A. AtDGAT1, B. RcDGAT2, C. GmDGAT2, D. AtDGAT2, and E. No gene control were
screened for ligation of the insert and the vector in correct orientation using directional polymerase chain reaction (PCR). With
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AtDGAT1, 2 kb band was expected, with DGAT2s 1.5 kb bands were expected and with no gene control 0.5 kb bands were expected.
Presence of a band represents ligation in correct orientation and absence of a band represents ligation in opposite direction. Relevant
molecular sizes of the DNA ladder are indicated on the left with arrows.

In Figure 3.1, RcDGAT2 transformed E. coli had two positive colonies out of
eight tested for ligation of the insert and the vector in the correct orientation. All other
lines had more than two positive colonies. Therefore, two colonies for each DGAT
transformant were digested with ApaLI and EcoRV-HF. EcoRV cut at three sites,
including two within the gene cassette and one at the kanamycin site whereas ApaLI cut
at the origin of replication and the bom site. The expected molecular weights of the
digested products are listed in Table 3.1.
Table 3.1 Expected molecular weights of bands in Figure 3.2
Transgenes  AtDGAT1
6133
Expected
molecular
2872
weights of
1366
digested
523
products
498


AtDGAT2
6133

GmDGAT2
6133

RcDGAT2
6133

2260
1366
523
498

1985
1366
523
498
366

2338
1366
523
498

No gene
4827
4736

498
420

Molecular weights expected to produce one band are placed in one row and those expected to produce well separated bands are placed
in separate rows. All DGATs were expected to produce four bands whereas no gene control was expected to produce only two bands.

If the expected number of digestion products of the correct molecular size were
obtained, they were taken as positive result. If more bands were obtained than expected,
it would imply ligation of more than one insert and/or more than one vector. If a lower
number of bands than expected were obtained, it would be taken as false positive.
From Figure 3.2, colony 2 for no gene control, colony 2 for AtDGAT1, colony 6
for RcDGAT2, colony 5 for GmDGAT2 and colony 1 for AtDGAT2 were used to extract
the plasmid and sent for sequencing. Meanwhile, A. tumefaciens were transformed with
plasmids extracted from those colonies by electroporation.
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Figure 3.2 ApaLI and EcoRV-HF digested products of the plasmids from select colonies
from Figure 3.1
From Figure 3.1, two colonies for each DGAT transformant were digested with the restriction enzymes indicated. The number below
the transgene annotation indicates the colony used from Figure 3.1. The expected molecular sizes of the digested products for each
transformant is listed in Table 1. Relevant molecular sizes of the DNA ladder are listed near the ladder.

The transformed A. tumefaciens were selected in 2X YT media containing
kanamycin and gentamycin. The transformed A. tumefaciens that grew were used to
transform the dgat1-1 knock-out plants of Arabidopsis.
3.2 Screening of the transformed plants
The A. tumefaciens mediated floral dip method was used to transform the dgat1-1
knock-out plants of A. thaliana (Clough and Bent, 1998). The T-DNA can be inserted
anywhere into the genome, including the genes involved in lipid metabolism, giving
skewed results. Sometimes, multiple insertion of T-DNAs into one transformant can also
occur. To avoid such problems, at first the dgat1-1 background and the presence of the
correct transgenes were checked using PCR. The harvested seeds were screened using the
DsRed marker to separate the transformed seeds from non-transformed seeds. In addition,
lipid composition of multiple individual transformants were compared.
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DsRed protein, isolated from corals (Discosoma sp.), possesses an excitation peak
at 553 nm just above the excitation peak of chlorophyll (Jach et al., 2001). Thus, by using
appropriate filters, transformed seeds can be separated from untransformed seeds based
on the difference in their auto-fluorescence. When viewed under green light with a red
filter, transformed seeds exhibit red fluorescence, as shown in Figure 3.3.
A

B

Figure 3.3 Identification of transformed seeds from a mixture of transformed and nontransformed seeds using DsRed marker
A. Transformed and non-transformed seeds under white light, B. Same sample under green light with red filter.

Jach et al. (2001) showed that transgenic tobacco plants expressing this marker
did not have any abnormal development and morphology during the transformation and
regeneration phase, and seed germination was also found to be normal (Jach et al., 2001).
The lipid composition of transformed seeds was compared to the lipid
composition of non-transformed seeds from the same plant by the direct transmethylation
method described in Section 2.5. If a difference in oil phenotype was observed between
the transformed and non-transformed seeds of the same plant, it would mean the
transgene insertion had affected lipid metabolism. If the oil phenotype of the transformed
and non-transformed seeds were the same, it would either mean that the transgenic
protein did not affect lipid metabolism or that the protein was not being produced or that
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the protein was inactive, but all transformants had some change in lipid composition. If
the same phenotype was observed in most of the individual transformants, then, the
phenotype was attributed to the transgenic protein. Sometimes, few individual
transformants had a different phenotype which could be due to the insertion of the
transgene into a gene involved in lipid metabolism and such plants were discarded.
3.2.2 Screening for the correct genotype using PCR
After transforming the T0 dgat1-1 plants, transformed red T1 seeds were
transferred to soil. The resulting T1 plants were genotyped to confirm the dgat1-1
background and the presence of the transgenes. The published primers used to confirm
the dgat1-1 background (Zou et al., 1999). Those primers are listed in Table A.1.
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Figure 3.4 Gel separation of PCR products amplified to distinguish wild-type DGAT1
from EMS-mutated dgat1-1 gene
One or two plants per DGAT transformants were tested for the presence of wild-type or EMS-mutated dgat1-1 gene. The wild-type
DGAT1 was expected to produce 386 bp product, the dgat1-1 mutant was expected to produce 533 bp product and the AtDGAT1
cDNA was expected to produce 211 bp product. Relevant molecular sizes of the DNA ladder are listed near the ladder.
Legends: Lane 1 – AtDGAT1; Lane 2, 3 – AtDGAT2; Lane 4 – GmDGAT2; Lane 5, 6 – RcDGAT2; Lane 7 – No gene; Lane 8 – Water
control; Lane 9 – DGAT1 control; Lane 10 – dgat1-1 control

In Figure 3.4, the wild-type DGAT1 gene produced an expected 386 bp PCR
product. The EMS-induced dgat1-1 mutant has a 147 bp insertion, giving a 533 bp PCR
product. All plant lines produced the dgat1-1 PCR product, except AtDGAT1. The
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AtDGAT1 transgenic line had AtDGAT1 cDNA, which gave a 211 bp PCR product. The
AtDGAT1 was transformed into the dgat1-1 background, so a 533 bp band was also
expected, but was not obtained. It is hypothesized that the T-DNA inserted into the
dgat1-1 gene in this transformant giving only the band for cDNA.
A
1 kb
0.5 kb

B
1 kb
0.5 kb

C
1 kb
0.5 kb
D
1 kb
0.5 kb

Figure 3.5 DNA gel electrophoresis to test the presence of PCR products of transgenic
DNA in the different DGAT1/dgat1-1plants
Presence of the transgenic DNA in the dgat1-1 mutant transformed with A. AtDGAT1, B. AtDGAT2, C. RcDGAT2, and D.
GmDGAT2 was tested using primers listed in Table A.2. AtDGAT1 cDNA was expected to produce 456 bp product, AtDGAT2 cDNA
was expected to produce 827 bp product, RcDGAT2 cDNA was expected to produce 910 bp product and GmDGAT2 cDNA was
expected to produce 1019 bp product. Presence of a band represents the presence of the tested transgene and absence of a band
represents either the absence of the transgene or the presence of PCR inhibitors in the extracted DNA. Relevant molecular sizes of the
DNA ladder are listed near the ladder with arrows.
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Primers to test for the presence of the transgenes were designed using NCBI
Primer BLAST and are listed in Table A.2. In Figure 3.5, about 10 T1 plants were tested
for each DGAT line for the presence of the transgenes. The plants that produced a band
were grown, and seeds were harvested for analysis. The plants that did not produce a
band were discarded.
3.2.3 Screening for oil phenotype
Agrobacterium-mediated transformation only transforms the female gametophyte.
When the transformed (red) T1 segregating seeds were grown, the resulting T2 seeds
obtained should have a 3:1 ratio of transformed (red):non-transformed (brown) seeds,
according to Mendel’s law of segregation, as shown in Figure 3.6.

♂

T = Transformed
t = Non-transformed

♀

T

t

T

Tt

Tt

t

Tt

tt

Figure 3.6 Punnett square predicting a monohybrid cross for the presence of transgene in
T2 seeds
Segregation of the T1 heterozygous seed should produce a 3:1 ratio of transformed: non-transformed T2 seeds

Sometimes more than 75% red seeds were obtained due to multiple insertion of
the T-DNA, and sometimes very few red seeds were obtained for unknown reasons.
Plants producing seeds with these anomalies were discarded. From the plants that
produced a 3:1 ratio of red:brown seeds, 20 red seeds and 20 brown seeds were counted,
and lipid composition was analyzed using GC-FID as described in Section 2.5.
34

g FAME/seed

8

6

4

2

0
dgat1-1

Col-0

Figure 3.7 Total lipid content in the mature seeds of the dgat1-1 mutant compared to the
Col-0 control
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Figure 3.8 Comparison of the fatty acid composition of the dgat1-1 background to the
Col-0 control from the plants used in Figure 3.7
Common names of the fatty acids in x-axis: Palmitic acid (16:0), Stearic acid (18:0), Oleic acid (18:1), Linoleic acid (18:2), Linolenic
acid (18:3), Arachidic acid (20:0), Gondoic acid (20:1), Eicosadienoic acid (20:2), Erucic acid (22:1)

The EMS-induced dgat1-1 mutant was identified based on its 20% reduction in
total oil with increased 18:3 and decreased 18:1 and 20:1 fatty acids. In Figure 3.7, the
dgat1-1 mutant (black bars) had reduced total lipid, and in Figure 3.8, it had reduced
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18:1, increased 18:3 and reduced 20:1 fatty acids. All non-transformed seeds were
expected to have this oil phenotype. The transformed seeds of the positive control, which
were overexpressing AtDGAT1 in the dgat1-1 background, were expected to have lipid
compositions similar to the Col-0. If such an oil phenotype was obtained, it would imply
that the transformation protocol and the experimental design were valid.
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Individual transformants of AtDGAT1

Figure 3.9 Total lipid content in T2 segregating transformed seeds and non-transformed
seeds of individual transformants of the dgat1-1 mutant transformed with AtDGAT1
transgene
Adjacent black bar and red bar represent total lipid content of non-transformed and transformed seeds respectively from the same
plant.

In Figure 3.9, out of 17 individual transformants, some plants had less oil in
transformed seeds whereas some had more oil in transformed seeds. This variation in
total lipid content could either be due to plant-to-plant variation or could be reflection of
the region of the chromosome where the transgene was incorporated. If the transgene was
incorporated into a region that rarely gets transcribed, the plant could have a weak oil
phenotype whereas if the transgene was incorporated into the region that is frequently
transcribed, the plant could exhibit a strong oil phenotype.
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Figure 3.10 Fatty acid composition of T2 segregating transformed (red bars) and nontransformed seeds (black bars) of the individual transformants from Figure 3.9
Common names of the fatty acids in x-axis: Palmitic acid (16:0), Stearic acid (18:0), Oleic acid (18:1), Linoleic acid (18:2), Linolenic
acid (18:3), Arachidic acid (20:0), Gondoic acid (20:1), Eicosadienoic acid (20:2), Eicosatrienoic acid (20:3), Erucic acid (22:1)

In Figure 3.10, fatty acid composition of the plants analyzed in Figure 3.9 is
shown. All transformed seeds had increased 18:1, decreased 18:3 and increased 20:1 fatty
acid levels despite the variation in total lipid accumulation. By comparing Figures 3.8
and 3.10, it can be seen that non-transformed seeds of the AtDGAT1 lines had fatty acid
composition similar to the dgat1-1 background lines and transformed seeds had fatty acid
composition similar to the Col-0 control. Thus, expressing AtDGAT1 in the dgat1-1
background restored the oil phenotype, validating the transformation protocol and the
experimental design.
In Figure 3.11, the transformed no gene control seems to have a reduced total
lipid content, but total lipid can vary between plant to plant, as seen in Figure 3.9. The
fatty acid composition between the transformed seeds and non-transformed seeds,
however, did not change in Figure 3.12. In Figure 3.9, some plants transformed with the
positive control had reduced oil whereas some had increased total lipid, but all of them
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had the same fatty acid composition in Figure 3.10. This indicates that fatty acid
composition is a more reliable method of analysis than the total lipid accumulation.
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Figure 3.11 Total lipid content in T2 segregating transformed (black bar) and nontransformed (magenta bar) seeds of the dgat1-1 mutant transformed with no gene control
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Figure 3.12 Fatty acid composition of T2 segregating transformed and non-transformed
seeds from the same plant from Figure 3.11
Common names of the fatty acids in x-axis: Palmitic acid (16:0), Stearic acid (18:0), Oleic acid (18:1), Linoleic acid (18:2), Linolenic
acid (18:3), Arachidic acid (20:0), Gondoic acid (20:1), Eicosadienoic acid (20:2), Erucic acid (22:1)
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The unchanged fatty acid composition between the transformed and nontransformed seeds of the no gene control confirmed that any change observed in fatty
acid composition between the transformed and non-transformed seeds of the DGAT2
transformants can be attributed to the transgenic protein, not the transformation protocol.
Approximately, 30-40 T1 independent transformants were grown for every
DGAT2/dgat1-1 line. The lines with single T-DNA insertion were selected based on the
3:1 ratio of T2 transformed (red): non-transformed (brown) seeds. The total lipid content
and fatty acid composition of the remaining lines were compared to choose four
transformants for every DGAT2/dgat1-1 line to obtain a homozygous transgene. The fatty
acid composition of different DGAT2/dgat1-1 over expression lines is shown in Figure
3.13. The total lipid content for different DGAT lines is shown in Figure A.6.
In Figure 3.13, the AtDGAT2 transformed seeds also had increased 18:1, reduced
18:3 and increased 20:1 just like the AtDGAT1 transformed seeds. The GmDGAT2
transformed seeds had increased 18:1 and reduced 18:3, but there was no change in 20:1.
This could be because soybean does not accumulate 20:1 in its TAG. The RcDGAT2
transformed seeds also had increased 18:1, reduced 18:3 and increased 20:1. This altered
fatty acid composition suggested that the transgenic DGAT2 enzymes were active in the
transgenic lines.
However, the percentage increase and decrease appeared to be different between
different DGAT-transformed lines. In the T2 generation, a mixture of homozygous and
heterozygous seeds was obtained. It is possible that in some lines, higher percentages of
homozygous seeds were used, and in some lines more heterozygous seeds were used for
lipid analysis. Therefore, to confirm whether the transgenes had the effect observed in
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Figures 3.9-3.13 and A.6, transformed seeds were grown for successive generations until
they produced all red seeds, indicating the presence of the homozygous transgenes and
lipid composition was analyzed again.
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Figure 3.13 Fatty acid composition of T2 segregating transformed (red bars) and nontransformed (black bars) seeds of individual transformants of the different DGAT2/dgat11 mutants
Fatty acid composition of the dgat1-1 mutant transformed with A. AtDGAT2, B. GmDGAT2 and C. RcDGAT2 are shown. Common
names of the fatty acids in x-axis: Palmitic acid (16:0), Stearic acid (18:0), Oleic acid (18:1), Linoleic acid (18:2), Linolenic acid
(18:3), Arachidic acid (20:0), Gondoic acid (20:1), Eicosadienoic acid (20:2), Eicosatrienoic acid (20:3), Erucic acid (22:1)
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3.3 Confirming the expression of the transgenic proteins using western blotting
Once the homozygous transgenes were obtained in the T5 generation, expression
of the transgenic proteins were examined using western blotting. The positive control
AtDGAT1 was expressed with a HA-epitope at the N-terminus and the DGAT2s were
expressed with an N-terminal myc-epitope. A purified multifusion tagged protein, which
has both the HA-epitope and the myc-epitope, was used as a positive control for the
western blotting protocol. Total protein from the different DGAT lines were extracted
using the Tsugama protein extraction method (Tsugama et al., 2011).
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Figure 3.14 Detecting the presence of the transgenic HA-tagged AtDGAT1 in 12 DAF
siliques of homozygous transformant by western blotting
Legends: Lane 1 – 2.5 µg of purified multifusion protein containing HA-tag; Lane 2 – 5 µg of purified HA-tag; Lane 3 – 10 µg of
purified HA-tag; Lane 4,5 – 6.73 µg total protein from AtDGAT1 siliques; Lane 6, 7 – 13.5 µg total protein from AtDGAT1 siliques;
Lane 8, 9 – 28.3 µg total protein from AtDGAT1 siliques
Relevant molecular weights of the protein marker are listed near the marker. The 58.9 kDa AtDGAT1 protein is marked by an arrow.

In Figure 3.14, 1:10,000 dilution of HA antibody with 1:5000 dilution of HRP
antibody was used for the detection of HA-tagged AtDGAT1. The membrane was
41

exposed for 1857 seconds to obtain the image shown. Faint bands of HA-tagged
AtDGAT1 were obtained with a visible signal when 13.5-28.3 µg of total protein was
used. The purified multifusion-tagged protein produced dark intense bands. The
AtDGAT1 bands could be appearing faint due to the very high intensity signal from the
purified multifusion-tagged protein.
To detect myc-tagged DGAT2s, a 1:20,000 dilution of c-myc antibody with
1:10,000 dilution of HRP antibody was used. The membrane was exposed for 60 seconds
to obtain the image shown in Figure 3.15. Due to the high signal obtained in Figure 3.14,
a 0.05 µg multi-fusion tag was used which produced a faint diffuse band. The product
data sheet from the manufacturer says the multifusion-tagged protein produces a diffused
band at 20 kDa. A better signal would have been obtained with 0.1 µg of the multifusiontagged protein.
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Figure 3.15 Detecting the presence of the transgenic myc-tagged DGAT2s in 12 DAF
siliques of homozygous transformants
Relevant molecular weights of the protein marker are listed near the marker.
Legends: Lane 1 – 40 µg of total protein from no gene control siliques; Lane 2 – 0.05 µg of purified multifusion protein containing
myc-tag; Lane 3 – 40 µg of total protein from AtDGAT1 siliques; Lane 4 – 40 µg total protein from AtDGAT2 siliques; Lane 5 – 80 µg
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total protein from AtDGAT2 siliques; Lane 6 – 40 µg total protein from GmDGAT2 siliques; Lane 6 – 80 µg total protein from
GmDGAT2 siliques; Lane 8 – 40 µg total protein from RcDGAT2 siliques; Lane 9 – 80 µg total protein from RcDGAT2 siliques.

AtDGAT2 was supposed to produce a 35.8 kDa band, but a band corresponding
to a lower molecular size of ~20 kDa was obtained. The transgenic AtDGAT2 was
migrating faster probably due to a high net negative charge in the protein or due to an
increased interaction with SDS (Shi et al., 2012). GmDGAT2 produced an expected 38.4
kDa band. RcDGAT2 did not produce a visible band.
RcDGAT2 had the least effect on oil composition (Figure 3.13). It is possible that
the RcDGAT2 protein is not being produced or, it could be produced in too little
concentration to be detected. To confirm the presence of RcDGAT2 in the transgenic
lines, the lipid composition of the homozygous lines was analyzed in Section 3.4.
3.4 The DGAT2 transgenic lines produced different lipids than the DGAT1 line in
the dgat1-1 background
Four transformants for each DGAT line were propagated to the next couple of
generations to obtain homozygous transgenes. If all seeds glowed red, it implied
homozygous copies of the transgene had been obtained. If a 3:1 ratio of red: brown seeds
were obtained, ~25-50 red seeds were taken to the next generation. By the T5 generation,
3-4 independent transformants with homozygous copies for each of the DGAT lines were
obtained. From those transformants, 12 plants per transformant were grown and the total
lipid was analyzed. Independent transformants of the same DGAT lines exhibited similar
total lipid composition (Figure A.7). One of the 3-4 transformants was chosen for further
experiments. In Figure 3.16, fatty acid composition of the chosen transformant line of
each DGAT line is shown.
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Figure 3.16 Fatty acid composition of the T5 homozygous transformants on the dgat1-1
background compared to the fatty acid composition of the Col-0
Each bar represents average of 12 plants with standard error mean (SEM). Each asterisk represents a statistically significant difference
from the no gene control (p-value<0.05). Common names of the fatty acids in x-axis: Palmitic acid (16:0), Stearic acid (18:0), Oleic
acid (18:1), Linoleic acid (18:2), Linolenic acid (18:3), Arachidic acid (20:0), Gondoic acid (20:1), Eicosadienoic acid (20:2).

In Figure 3.16, the AtDGAT1 transgenic line had fatty acid composition similar to
the Col-0 control, suggesting it complemented the oil phenotype of the dgat1-1 mutant.
All DGAT2 transgenic lines had increased the 18:1 fatty acid level, compared to the no
gene control, but not as much as the Col-0 and the positive control. Similarly, they had
reduced the 18:3 percentage more than the no gene control but not as much as the Col-0
and the AtDGAT1 control. The AtDGAT2/dgat1-1 and RcDGAT2/dgat1-1 lines had a
slightly higher 20:1 than the no gene control but less than the Col-0 and the AtDGAT1
control. The GmDGAT2/dgat1-1 line did not change the 20:1 level which could be
because soybean does not accumulate 20:1 in its oil and GmDGAT2 may not recognize
20:1-CoA as a substrate.
This confirmed that the transgenes produced functional proteins. The difference in
fatty acid composition between the different DGAT transgenic lines could be due to
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differences in substrate specificities of AtDGAT1, DGAT2s and AtPDAT1. AtDGAT1
had a greater effect than the DGAT2s on the fatty acid composition. It probably
outcompetes the AtPDAT1, reducing the PDAT activity back to the Col-0 level. In
various DGAT2/dgat1-1 overexpression lines, it is possible that the AtPDAT1 expression
went down back to the Col-0 level and the activity observed is entirely due to DGAT2s.
It is also possible that both DGAT2s and PDAT1 were active in these lines and were
competing for the DAG substrate. In the dgat1-1 line, Xu et al. (2012) reported the
upregulation of FAD2 and FAD3 along with the downregulation of fatty acid elongase 1
(FAE1). It is possible that the DGAT transgenes had varying effect in the expression of
these three genes resulting in the observed phenotype.
3.5 The AtDGAT1/dgat1-1 line, like Col-0 control accumulates a higher amount of
total lipid across the development than the DGAT2/dgat1-1 lines and the dgat1-1
background
Arabidopsis silique/seed development is divided into three stages based on TAG
accumulation. In early development, silique tissue is green and TAG synthesis has started
and is rapidly increasing. In mid-development, silique tissue starts to turn yellow but the
seed tissue is still synthesizing TAG, at a reduced rate than in the early development. In
late development, the silique tissue is dried out and some TAG is hydrolyzed by lipases
to prepare for the germination of the next generation (Baud et al., 2002). Plants of
different genotypes can have different growth curves. For example, the dgat1-1 mutant
has delayed development when compared to the Col-0 (Katavic et al., 1995).
Sometimes a transgene can affect lipid metabolism in early stages, but the effect
gets neutralized by the time the seed matures. For example, the pii mutant had a
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statistically significant increase in total lipid content at 15 DAF stage when compared to
the Col-0 control but not in the mature seeds (Baud Sébastien et al., 2010). To see if the
DGAT transgenes also had the same effect, TAG was analyzed across the development in
all plant lines.
The transgenic lines from Figure 3.16 were grown in 24-hour light condition and
staged for 5 DAF, 9 DAF, 13 DAF and 17 DAF. Three siliques per plant and two plants
per replicate were harvested with three replicates per plant line. Total lipid was extracted
and quantified using GC-FID as explained in Section 2.6. The total lipid was fractionated
into TAG, DAG and polar lipids by HPLC. TAG fraction was collected and was
quantified using GC-FID.
TAG mainly accumulates in seed, so the difference observed in the separated
TAG would be mostly due to the presence of the transgenic proteins in seeds. Silique as
well as seed synthesize DAG and polar lipid. Any difference in DAG and polar lipid due
to the transgene could be masked by DAG and polar lipids synthesized in silique.
Therefore, only the difference observed in TAG is discussed here.
In Figure 3.17, all plant lines rapidly accumulated TAG from 5-9 DAF, indicating
this was the early developmental stage for all plant lines despite the genotype. After that,
the accumulation curve levelled off at a different rate and some lines showed slight
reduction in TAG accumulation at the end of the curve. This implied that the plant lines
had different mid-development and late development stages. The AtDGAT1 line and the
Col-0 control had a similar amount of TAG accumulation across the development, which
was higher than the TAG accumulation observed in the various DGAT2/dgat1-1
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overexpression lines and the dgat1-1 lines. This further supported that the positive
control was successful in complementing the dgat1-1 phenotype.
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Figure 3.17 Total TAG accumulation across development in the T6 homozygous
transformants, Col-0 control and the dgat1-1 background
Each data point represents average of triplicates with SEM. DAF represents the age of the silique used in the experiment and stands
for days after flowering.

All DGAT2/dgat1-1 overexpression lines and the dgat1-1 background had a
similar amount of TAG accumulation across the development. This implied that DGAT2s
were not able to increase total TAG accumulation from the dgat1-1 background.
In Figure 3.18, the fatty acid composition of TAG in all lines stayed the same
from 9-17 DAF. The fatty acid composition of TAG across 9-17 DAF was similar to the
fatty acid composition of the total lipid of mature seeds observed in Figure 3.16.
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Figure 3.18 Fatty acid composition of plant lines across developmental stages.
The developmental stages are A. 5 DAF, B. 9 DAF, C. 13 DAF and D. 17 DAF. Each bar represents average of triplicates with SEM.
Common names of the fatty acids in x-axis: Palmitic acid (16:0), Stearic acid (18:0), Oleic acid (18:1), Linoleic acid (18:2), Linolenic
acid (18:3), Arachidic acid (20:0), Gondoic acid (20:1), Eicosadienoic acid (20:2).

The fatty acid composition of TAG at 5 DAF was different from the fatty acid
composition across 9 DAF to 17 DAF. The DGAT2/dgat1-1 lines had more 18:2 than the
Col-0, AtDGAT1 and the dgat1-1 lines at 5 DAF, but at later stages all the lines had
similar levels of 18:2. All lines had less 18:3 in 5 DAF than later stages.
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The different DGAT2s may have different fatty acid selectivity. It is possible that
the transgenic lines alter the expression of the FAD2 and FAD3 genes but, different
DGATs have different effect in the FAD2 and FAD3 expression yielding different levels
of 18:2 and 18:3.
3.6 The dgat1-1 knock-out has reduced rate of TAG synthesis which is
complemented by the overexpression of AtDGAT1
Arabidopsis was shown to use the PC-derived DAG/TAG synthesis pathway
(Bates 2011). Arabidopsis has higher expression of AtDGAT1 than AtDGAT2 and
AtPDAT1 (Li et al., 2010). Only the dgat1-1 mutant has an oil phenotype but not the
pdat1-2 and dgat2 mutant (Zhang et al., 2009). Therefore, it was hypothesized that
AtDGAT1 uses a PC-derived DAG pool to synthesize TAG in Arabidopsis. Castor is
known to use RcDGAT2 as its major DGAT (Kroon et al., 2006; Troncoso-Ponce et al.,
2011) and from Bafor et al.’s in vitro enzyme assay (Bafor et al., 1991), it is inferred that
castor uses the de novo pathway of TAG synthesis. Therefore, it was hypothesized that
RcDGAT2 uses the de novo DAG for TAG synthesis in castor. [14C]glycerol
predominantly labels the backbone of the lipids and aliquots taken across a time-course
can reveal the precursor-product relationship between different metabolites of a pathway.
The Col-0 and dgat1-1 were labelled as the wild-type control and the background control
respectively. The AtDGAT1/dgat1-1 line was labelled to examine if it complemented the
dgat1-1 mutant phenotype back to the wild-type level.
The labelling experiment was performed, in mid-developing 9-10 DAF seeds.
Total lipid was extracted and incorporation of [14C]glycerol into total lipid was analyzed.
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In Figure 3.19, all plant lines linearly incorporated [14C]glycerol into total lipid. This
indicated that the substrates did not run out and the seeds were actively metabolizing.
In addition, the slope of AtDGAT1 line was significantly higher than Col-0, which
indicated that AtDGAT1 was more rapidly utilizing the 14C substrate. It is possible that
due to overexpression of the AtDGAT1 gene, this line had increased rate of TAG
synthesis. The dgat1-1 mutant had 1.9 times smaller slope (p-value = 0.0063) than Col-0.
In the dgat1-1 mutant, the rate of lipid accumulation had reduced, in the absence of
AtDGAT1, indicated by the reduced incorporation of [14C]glycerol substrate in Figure
3.19.
To test if the change observed in the rate of total lipid accumulation reflected the
change in TAG accumulation, total lipid was separated into its lipid components in TLC
using solvent systems described in Section 2.7.
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Figure 3.19 Incorporation of [14C]glycerol into total lipid of control lines

Radioactivity incorporated was measured after labelling for 3, 6, 10, 30, and 60 minutes in A. Col-0, B. AtDGAT1, and C. dgat1-1.
Each data represents one replicate with triplicates at a given time-point. A linear regression is included with its slope. The slopes of all
lines are statistically different (p<0.05).
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The [14C]glycerol labelling mainly labels DAG and TAG among neutral lipids
and PC among polar lipids (Guschina et al., 2014; Yang et al., 2017). PC, DAG and TAG
were scraped off the TLC plate and transmethylated. Most of the 14C gets incorporated
into lipids via backbone labelling of glycerol-3-phosphate, and its subsequent utilization
throughout the TAG synthesis pathway. However, a small amount can get incorporated
into the acyl group due to a glycolytic reaction that converts glycerol into acetyl-CoA
(Yang et al., 2017). The radiolabeled backbone was collected in the aqueous phase
whereas radiolabeled acyl groups were extracted in the organic phase. Both phases were
quantified in LSC and the data are presented in Figure 3.20 and Figure A.8.
As shown in Figure A.8, about 80-90% of DAG and PC were labelled via
backbone labelling whereas up to 50-60% of TAG synthesized within the first 10 min. of
labelling came from acyl labelling. Eventually, the acyl labelling of TAG also reduced
and equilibrated to 20-30% after 10 min. This implied that [14C]glycerol substrate was
mainly incorporated into the backbone of the lipids.
In mature seeds, TAG is stored 20 times more than membrane lipids (Li-Beisson
et al., 2010). Therefore, TAG was expected to label more than membrane lipids.
Specially, if the plant was using the de novo pathway of TAG synthesis, DAG was
expected to label first, and when its pool filled, TAG labelling should have started. Little
labeling in membrane lipids was also expected because the seeds used were middeveloping seeds that need to synthesize membrane lipids for growth.
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Figure 3.20 Incorporation of [14C]glycerol into the backbone of major glycerolipids of
Col-0, AtDGAT1 line and the dgat1-1 mutant
[14C]glycerol labelling in 9-10 DAF seeds of Col-0 (A, B), AtDGAT1 line (C, D), and dgat1-1 (E, F) mutant. The lipid metabolism
was quenched at 3, 6, 10, 30, and 60 minutes. A, C, E represents backbone labelling at 3, 6, 10 minutes. B, D, F represents labelling
across all time-points. Each data point represents the average of three replicates with SEM. Legends: PC: Phosphatidylcholine, DAG:
Diacylglycerol, and TAG: Triacylglycerol.
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It is assumed that DAG labelled in early time-points was mostly de novo DAG
because when starting from G3P backbone labelling, de novo DAG needs to be
synthesized for PC synthesis before PC-derived DAG synthesis. This de novo DAG can
be used to make de novo TAG or PC. TAG is stored 20 times more than membrane lipids
in mature Arabidopsis seeds (Li-Beisson et al., 2010). Therefore, if both TAG and PC
were competing for the same de novo DAG, TAG would be expected to label 20 times
faster than PC. However, TAG labelling lagged behind PC suggesting TAG was labelled
from a different DAG pool. In Figure 3.20A,B, Col-0 had increased accumulation of
DAG after 10 min., this DAG labelled at later time-points is believed to be the PCderived DAG. PC-derived DAG can be used to make TAG via the PC-derived
DAG/TAG synthesis pathway. Conversely, if TAG was synthesized using de novo DAG,
TAG labelling would have started earlier. This precursor-product relationship of TAG
with PC-derived DAG but not with de novo DAG suggested that TAG was synthesized
via the PC-derived DAG/TAG synthesis pathway. This is in agreement with the
previously published results which first reported the use of PC-derived DAG/TAG
synthesis pathway in Arabidopsis ecotype Col-0 (Bates and Browse, 2011).
In Figure 3.20C,D, the AtDGAT1 line showed a similar trend with highest
labelling in PC throughout the 60 minutes time-course, and TAG labelling started after
the labelling of PC-derived DAG at later time-points. This implied that the AtDGAT1 line
was also using the PC-derived DAG/TAG synthesis pathway like the Col-0 control.
At the 60 min. time-point, Col-0 had similar labelling in PC and DAG with less
labelling in TAG. At the same time-point, the AtDGAT1 line had increased PC, decreased
DAG and increased TAG labelling. It is hypothesized that the overexpression of
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AtDGAT1 in the dgat1-1 mutant increased the rate of TAG accumulation, which
increased the utilization of more PC-derived DAG, reducing its labelling and
subsequently increasing PC labelling to synthesize more PC-derived DAG.
Conversely, the dgat1-1 mutant had reduced rate of labelling in all lipids. It had
DAG labelling surpassing PC labelling after 30 min. which was not observed in Col-0
and the AtDGAT1 line. However, DAG being labelled more than PC is not indicative of
the de novo pathway of TAG synthesis in the dgat1-1 line because TAG labelling started
only in later time-points when PC-derived DAG had been synthesized. This suggests that
the dgat1-1 mutant is also using PC-derived DAG, not de novo DAG for TAG synthesis.
This implies that AtPDAT1, the active enzyme of the dgat1-1 mutant (Zhang et al., 2009;
Xu et al., 2012) uses PC-derived DAG pool for TAG synthesis. AtPDAT1 is
hypothesized to be less efficient at utilizing PC-derived DAG, which caused
accumulation of the PC-derived DAG pool. This probably activated an unknown
feedback response, slowing down G3P to de novo DAG to PC synthesis, reducing the PC
labelling too.
Thus, knocking out DGAT1 in Arabidopsis reduced the rate of TAG synthesis by
reducing the rate of synthesis of its precursors. Overexpressing AtDGAT1 in this mutant
increased the rate of synthesis of TAG. This implied that AtDGAT1 complemented the
dgat1-1 mutant phenotype.
3.7 The DGAT2 transgenic lines also used the PC-derived DAG to synthesize TAG
In second batch of labelling, the dgat1-1 mutant transformed with different DGAT
transgenes and the dgat1-1 mutant were labelled with [14C]glycerol for 3, 6, 10, 30, and
180 minutes. In Figure 3.21, all plant lines had a linear accumulation of [14C]glycerol into
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total lipid. This suggests that the 14C substrate was available in excess and the harvested
seeds were actively metabolizing for the duration of the experiment.
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Figure 3.21 Incorporation of [14C]glycerol into total lipid of the 9-10 DAF seeds of the
different DGAT/dgat1-1 and the dgat1-1 background
Radioactivity incorporated into total lipid was measured after labelling for 3, 6, 10, 30, and 180 minutes. Each data represents average
of triplicates with SEM at a given time-point. A linear regression is included.

In addition, the AtDGAT1 line had the highest incorporation of [14C]glycerol,
which indicated that it may have the highest rate of TAG synthesis. This agreed with
results obtained in Figure 3.19. The dgat1-1 background had the lowest rate of 14C
incorporation into the total lipid. The RcDGAT2/dgat1-1 line had significantly increased
14

C incorporation into total lipid from the dgat1-1 background even though it had the

least change in fatty acid composition from the dgat1-1 background in Figures 3.16 and
3.18. This implied that the RcDGAT2 enzyme was actively involved in lipid metabolism,
but the overall effect was not observed. It is possible that the TAG synthesized by
RcDGAT2 turns over and does not efficiently accumulate. The GmDGAT2/dgat1-1 line
did not have a significant increase in 14C incorporation into total lipid from the dgat1-1
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background, neither did the AtDGAT2/dgat1-1 line. However, both AtDGAT2/dgat1-1
and GmDGAT2/dgat1-1 lines had significant change in FAME composition in Figure
3.16. This implied that all transformants had functional proteins being expressed, but
their effect in lipid metabolism was different.
As described in Section 2.5, and 2.7, total lipid was separated into different
classes of lipids. The PC, PE, DAG and TAG were scraped off of the TLC plate,
transmethylated and the radioactivity incorporated into the backbone vs acyl groups was
quantified.
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Figure 3.22 Incorporation of [14C]glycerol into backbone of the major glycerolipids of the
dgat1-1 background and the AtDGAT1 complemented dgat1-1 line
[14C]glycerol labelling in 9-10 DAF seeds of dgat1-1 (A, B) and AtDGAT1 (C, D). The lipid metabolism was quenched at 3, 6, 10, 30,
and 180 minutes. A, C represent backbone labelling at 3, 6, 10, and 30 minutes. B, D represent labelling across all time-points. Each
data point represents the average of three replicates with SEM. Legends: PC: Phosphatidylcholine, PE: Phosphatidylethanolamine,
DAG: Diacylglycerol, and TAG: Triacylglycerol.
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In Figure 3.22C,D, incorporation of [14C]glycerol into backbone of PC, DAG, and
TAG of the dgat1-1 background and the AtDGAT1 line is shown. The dgat1-1 knock-out
had similar labelling in DAG and PC. TAG labelling started only after 30 minutes,
indicating utilization of PC-derived DAG for TAG synthesis. The dgat1-1 mutant had
reduced labelling in all lipids across the time-course when compared to the AtDGAT1
line. This could be due to the relative inefficiency of the dgat1-1 mutant, in utilization of
the PC-derived DAG for TAG synthesis, in the absence of AtDGAT1. These results were
similar to the results obtained in Figure 3.20C,D.
In Figure 3.22, labelling into PE, another membrane lipid was also measured. In
Arabidopsis, PC is twice as much abundant as PE (Bates and Browse, 2011), but Figure
3.22 and 3.23 showed a lot more PC labelling than PE. This provided further evidence
that the PC being labelled was not only used for membrane biosynthesis but also for
something else. The membrane biosynthesis is interconnected with TAG synthesis, and
PC can be used to make PC-derived DAG, which can be used to make TAG. Therefore,
the labelled PC was proposed to be utilized for making TAG.
The AtDGAT1 line in Figure 3.22C,D had increased labelling in all lipids when
compared to the dgat1-1 mutant, and TAG synthesis started after PC-derived DAG was
labelled. This implied that the AtDGAT1 line was also using the PC-derived DAG for
TAG synthesis but more efficiently than the dgat1-1 line, which is in agreement with the
results obtained in Figure 3.20C,D.
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Figure 3.23 Incorporation of [14C]glycerol into the backbone of major glycerolipids of the
DGAT2 transformants in the dgat1-1 background
[14C]glycerol labelling in 9-10 DAF seeds of AtDGAT2 (A, B), GmDGAT2 (C, D), and RcDGAT2 (E, F). The lipid metabolism was
quenched at 3, 6, 10, 30, and 180 minutes. A, C, E represent backbone labelling at 3, 6, 10, and 30 minutes. B, D, F represent labelling
across all time-points. Each data point represents the average of three replicates with SEM. Legends: PC: Phosphatidylcholine, PE:
Phosphatidylethanolamine, DAG: Diacylglycerol, and TAG: Triacylglycerol.
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In Figure 3.2, incorporation of [14C]glycerol into backbone of PC, DAG, and
TAG of the DGAT2/dgat1-1 lines is shown. In all DGAT2/dgat1-1 lines, PC labelled
much higher than PE, suggesting utilization of PC for TAG synthesis in all
DGAT2/dgat1-1 lines. DAG and PC were similarly labelled, and TAG synthesis
increased only after 30 min. of labelling in all DGAT2/dgat1-1 lines, like in the dgat1-1
mutant, suggesting the use of PC-derived DAG pool for TAG synthesis.
Whether the DGAT2/dgat1-1 lines used the DGAT or PDAT for the use of PCderived DAG for TAG synthesis depends on the relative activity of AtPDAT1 versus
transgenic DGAT2s. It is possible that the AtPDAT1 expression was downregulated in the
DGAT2/dgat1-1 lines and the majority of the activity observed was due to the transgenic
DGAT2 enzyme. In that case, DGAT2s also use PC-derived DAG pool like AtDGAT1
and AtPDAT1. If the AtPDAT1 was as much active in the DGAT2/dgat1-1 lines as it was
in the dgat1-1 lines, the majority of the flux observed is due to AtPDAT1. In that case,
DGAT2s could still be using de novo DAG, but was not detected. However, TAG
accumulation started only at later time-points, which made use of de novo DAG for TAG
synthesis by DGAT2s unlikely. Therefore, it is proposed that AtDGAT1, AtPDAT1 and
overexpressed DGAT2s all use PC-derived DAG for TAG synthesis.
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CHAPTER IV – Discussion
4.1 Change in seed fatty acid composition when the transgenes are overexpressed in
the dgat1-1 mutant
All DGAT2/dgat1-1 lines accumulated TAG with statistically significant different
percentages of 18:0, 18:1, 18:3, and 20:0 fatty acids from the negative control as seen in
Figure 3.16. Most significant changes in fatty acids were increased 18:1 and decreased
18:3 compared to the dgat1-1 background. The DGAT2/dgat1-1 lines also had decreased
18:1, increased 18:3 and decreased 20:1 than the Col-0 and the AtDGAT1 complemented
lines. The GmDGAT2/dgat1-1 line did not increase the 20:1 level from the dgat1-1
background. Soybean does not accumulate 20:1 in its TAG, therefore the GmDGAT2
may not recognize 20:1-CoA as a substrate. Arabidopsis accumulates 20:1 in sn-1/3
position (Li-Beisson et al., 2010). If the GmDGAT2 does not accumulate 20:1 at the sn-3
position of TAG, most likely GPAT incorporates 20:1 at the sn-1 position..
RcDGAT2 had significant DGAT activity in CL7 and CL37 lines of Arabidopsis
and yeast microsomes (Burgal et al., 2008). In this project, the RcDGAT2/dgat1-1 line
had the least change in oil phenotype when overexpressed in the seeds of the dgat1-1
mutant. It is possible that its expression was adversely affected during different steps of
transformation after sequencing. If inefficient expression is not the problem, RcDGAT2
may have very high specificity towards hydroxy fatty acids (HFA), which is why high
activity is measured in the presence of HFA substrates in the papers of Burgal et al.
(2008) and Erp et al. (2011) but not in the dgat1-1 line which lacks HFA substrate. The
increased [14C]glycerol labelling into the total lipid (Figure 3.21) suggested that the
RcDGAT2 could have increased the rate of TAG synthesis increasing the labeling into its
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DAG and PC precursor (Figure 3.23C), but the increased accumulation of TAG was not
observed in the backbone labelling (Figure 3.23E,F) or, analysis of TAG accumulation
across development (Figure 3.17).
The AtDGAT1 overexpression complemented the dgat1-1 knock-out oil
phenotype. The DGAT2/dgat1-1 lines had a unique fatty acid composition when
compared to the lines utilizing AtDGAT1/dgat1-1 and the dgat1-1 mutant. Whether those
phenotypes are due to the DGAT2s themselves or the result of competition between
AtPDAT1 and the DGAT2s is not known. Another possibility is that the transgenes
differentially affect the expression of FAD2, FAD3 and FAE1 genes resulting in the
observed change in fatty acid composition.
4.2 AtDGAT1 and AtPDAT1 use PC-derived DAG for synthesis of TAG
Bates et al. (2009) have shown that TAG synthesis is not a linear pathway as
previously believed. Instead it consists of networks of membrane lipid synthesis and
TAG synthesis pathways (Bates et al., 2009). Moreover, Bates provided strong evidence
supporting the presence of multiple DAG and PC pools in vivo for the synthesis of TAG
(Bates et al., 2009; Bates and Browse, 2011).
Since TAG synthesis is not a linear pathway, overexpressing one gene rarely
yields higher TAG accumulation. To meet the increasing demand of designer oil for
industrial uses, it is imperative to understand the complex network of TAG synthesis
pathways to facilitate increasing total oil production per plant and to accumulate
industrially valuable fatty acids in plant oil without any detrimental effect on the
transgenic plant.
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Production of de novo DAG from G3P is a linear pathway, and the complexities
of the TAG synthesis pathways arise based on the flux of this de novo DAG to membrane
lipid synthesis or storage oil (i.e., TAG) synthesis. When [14C]glycerol is fed to a
developing seed, it metabolizes the glycerol and incorporates it into G3P. G3P is acylated
subsequently by different acyltransferases producing radiolabeled lipids. By measuring
the accumulation of those radiolabeled lipids substrates across the time-course,
intermediate products and final products can be inferred.
The method of radiolabeling performed in this project is known as continuous
labelling where the radiolabeled substrate is provided throughout the duration of the
experiment as opposed to pulse-chase labelling where radiolabeled substrate is provided
for a short duration and then removed (Allen et al., 2015). In pulse-chase labelling, a
radiolabel is transferred to subsequent products whereas in continuous labelling,
radiolabel accumulates in one substrate until its substrate pool is filled. Then an
intermediate is formed and keeps on labelling until its pool is also filled and so on.
Ideally, if each substrate had only one pool, exponential labelling of that substrate
would be seen for a while, then as the pool is about to be filled, saturation of the labelling
would be observed. Due to the presence of multiple pools of DAG and PC, the stationary
phase of one pool is masked by the exponential phase of another pool. Therefore, relative
labelling of different lipids at different time-points need to be compared to interpret the
precursor-product relationship between metabolites of a pathway.
If a plant was to use only the linear pathway of TAG synthesis, the precursorproduct graph would be much simpler with de novo DAG labelling, and as its pool is
filled, the de novo TAG would label with little labelling of membrane lipids. Since, all
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plant lines tested had significant labelling of PC, and TAG labelling started only after
synthesis of PC-derived DAG, it was evident that the transgenic Arabidopsis plants did
not use the de novo pathway of TAG synthesis as its major pathway no matter its
genotype.
Even mature Arabidopsis seeds store 20 times more TAG than membrane lipids
(Li-Beisson et al., 2010). Bates et al. (2011) have shown that Arabidopsis Col-0 labelled
ten times more PC than required for membrane biosynthesis. In Figure 3.20, PC labelled
more than TAG almost throughout the duration of the experiment. Therefore, PC being
labelled is used not only as a membrane lipid but also for TAG synthesis, which is in
agreement with the previously published results (Bates et al., 2009; Erp et al., 2011; Yang
et al., 2017).
The DAG labelled at early time-points is believed to be de novo DAG because
when synthesizing DAG through backbone labelling, de novo DAG must be synthesized
before PC-derived DAG can be synthesized. The DAG labelled at later time-points is PCderived DAG. In all three plant lines in Figure 3.20, TAG labelling occurred at later timepoints after significant labelling in PC and DAG. If TAG was synthesized using de novo
DAG, TAG would have labelled 20 times faster than PC labelling. This synthesis of TAG
from the PC-derived DAG confirmed that all three plant lines utilized PC-derived DAG
pool for TAG synthesis.
When RcDGAT2 was expressed in CL7 lines expressing RcFAH12, RcDGAT2
replenished the total lipid accumulation almost back to the wild-type level from 50%
reduction in its parent line (Erp et al., 2011). Expressing RcDGAT2 is hypothesized to
increase the de novo pathway of TAG synthesis and relieve the bottleneck in the PC64

derived DAG/TAG synthesis pathway caused by the expression of RcFAH12 (Bates et
al., 2014). Accumulation of PC-derived DAG in the dgat1-1 mutant (Figure 3.20E,F,
Figure 3.22A, B) did not activate the de novo pathway of TAG synthesis by different
DGAT2s. PDAT1 could be the first line of defense in case the DGAT1 fails. DGAT2
enzymes are probably utilized only in the presence of unusual fatty acids such as
hydroxylated fatty acids in the RcDGAT2/CL7 lines. In that case, the absence of unusual
fatty acids in the transgenic Arabidopsis may explain why significant effect of DGAT2s
was not observed in the oil phenotype of various DGAT2/dgat1-1 overexpressing lines.
4.3 Overexpressed DGAT2 enzymes cannot outcompete endogenous PDAT1, like
overexpressed DGAT1 isozyme can
The Col-0, the dgat1-1 knock-out and the AtDGAT1 complemented dgat1-1 line
had more labelling in PC at much earlier time-points than TAG in Figure 3.20. All
DGAT2 transgenic lines also showed the same trend in Figure 3.23. Arabidopsis has
twice as much PC than PE. However, PC labelled much higher than PE in all lines (Bates
and Browse, 2011). This implied that PC was being synthesized not just for membrane
assembly but also for TAG synthesis.
In Figure 3.23, TAG synthesis increased only at later time-points whereas, PC
labelling started much earlier. Therefore, all DGAT2 transgenic lines are hypothesized to
be using PC-derived DAG for TAG synthesis. Since both PDAT1 and DGAT2 synthesize
TAG from DAG just with a different acyl donor, they were expected to have a synergistic
effect on TAG accumulation, but no significant change in total lipid accumulation was
observed. In vivo labelling using [14C]glycerol substrate showed that the DGAT2/dgat1-1
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lines had an overall small increase in rate of TAG synthesis when compared to the dgat11 knockout lines but not as much as the AtDGAT1 complemented dgat1-1 knock-out line.
The complementation of oil phenotype by AtDGAT1 overexpression and its
increased TAG labelling rate confirms the validity of the protocols used and the
experimental approach. Yet, the DGAT2s were not able to significantly influence the
total lipid content and the rate of TAG synthesis. The proposed hypothesis is that both
PDAT1 and transgenic DGAT2s compete for the PC-derived DAG as the acyl-acceptor,
but DGAT2s are not able to outcompete PDAT1 as effectively as DGAT1.
The difference in the ability of DGAT1 versus DGAT2 to outcompete PDAT1
could lie in the substrate specificity or the protein turnover rate or the ability to influence
other related genes’ expression such as FAD2, FAD3 and FAE1. DGAT2s accumulate
slightly more 18:1 and 20:1 and less 18:3 than PDAT1. The competition of DGAT2 and
PDAT1 for PC-derived DAG containing the unchanged fatty acids could be preventing
the synergistic effect in TAG synthesis. The fatty acid composition of the AtDGAT1 line
is greatly different from the dgat1-1 mutant. This difference in selectivity of different
molecular species of PC-derived DAG between AtDGAT1 and AtPDAT1 could
minimize the competition between them. Human DGAT2s were reported to be unstable
and rapidly degraded (Choi Kwangman et al., 2014). It is possible that the overexpressed
plant DGAT2s are also unstable therefore, are not able to contribute to the lipid
metabolism as much as DGAT1 can. Further research may focus on measuring the
stability of DGAT1 versus DGAT2 isozymes.
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CHAPTER V – Conclusion
Overexpression of AtDGAT1 under a seed specific promoter complemented the
oil phenotype of the dgat1-1 knock-out line. Overexpression of DGAT2s under the same
promoter following the same protocols changed lipid composition but was not able to
significantly increase the total lipid accumulation from the dgat1-1 background. The
AtDGAT1 transgenic line and Col-0 had higher accumulation of TAG throughout the
development whereas the dgat1-1 background and the DGAT2 transgenic lines had
similar accumulation of TAG throughout the development. AtDGAT1 was able to
increase 18:1, decrease 18:2 and increase 20:1 back to the Col-0 level from the dgat1-1
background. The AtDGAT2/dgat1-1 line also had increased 18:1, decreased 18:2 and
increased 20:1 but not back to the Col-0 level. This implies that the AtDGAT1/dgat1-1
and AtDGAT2/dgat1-1 lines accumulated TAG with different compositions. The
GmDGAT2/dgat1-1 and RcDGAT2/dgat1-1 lines also had altered fatty acid composition,
but with unique results than other transgenic lines. This confirms that the transgenic
DGAT2s are active enzymes and are influencing lipid metabolism in these lines. The
reason for the inability of DGAT2s to increase TAG accumulation is not known.
Knocking out DGAT1 in Arabidopsis Col-0 reduced [14C]glycerol incorporation
into total lipid by almost half. The PDAT1 gene upregulated in this dgat1-1 knockout line
was using PC-derived DAG to synthesize TAG, but the rate of synthesis of TAG and its
precursors were reduced. Overexpressing AtDGAT1 in this dgat1-1 knock-out line, not
only restored oil phenotype but also increased the rate of synthesis of TAG and its
precursors.
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DGAT2s were able to change fatty acid composition but, did not significantly
affect the TAG accumulation. DGAT2s can be used to obtain designer oils with
industrially valuable fatty acid composition. However, total lipid production could not be
increased solely by the overexpression of DGAT2s. This project also showed that the
transgenic AtDGAT1, AtDGAT2, GmDGAT2 and RcDGAT2 overexpressing lines used
PC-derived DAG pools for TAG synthesis. Most interestingly, it uncovered that the
AtPDAT1 also utilizes PC-derived DAG pool, not de novo DAG pool as its acyl
acceptor.
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APPENDIX A
A.1 Vector maps of the shuttle plasmids used to make the constructs

Figure A.1 Vector map of the binary vector B110 used to prepare the desired constructs
for transformation
The transgenes were inserted into the multiple cloning site of this B110 binary vector at AscI (1822) site.
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Figure A.2 Shuttle plasmid containing the 2S promoter:AtDGAT1 ORF:Glycinin
terminator insert
This plasmid was digested with AscI and ApaLI to obtain the insert ligated to the AscI site of the B110 vector.
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Figure A.3 Shuttle plasmid containing the 2S promoter:AtDGAT2 ORF:Glycinin
terminator insert
This plasmid was digested with AscI and ApaLI to obtain the insert ligated to the AscI site of the B110 vector.
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Figure A.4 Shuttle plasmid containing the 2S promoter:GmDGAT2 ORF:Glycinin
terminator insert
This plasmid was digested with AscI and ApaLI to obtain the insert ligated to the AscI site of the B110 vector.
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Figure A.5 Shuttle plasmid containing the 2S promoter:RcDGAT2 ORF:Glycinin
terminator insert
This plasmid was digested with AscI and ApaLI to obtain the insert ligated to the AscI site of the B110 vector.
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A.2 Change in total lipid content of segregating T2 mature seeds
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Figure A.6 Change in total lipid content of non-transformed seeds (black bars) and
transformed seeds (red bars) in the individual transformants of the different DGAT/dgat11 lines
The dgat1-1 mutant was transformed with transformed with A. AtDGAT1, B. AtDGAT2, C. GmDGAT2 and D. RcDGAT2. Numbers
on X-axis represent individual transformants. Adjacent black and red bars represent total lipid from non-transformed and transformed
seeds from the same transgenic plant. Transformants grown to obtain homozygous transgenes are indicated with asterisks.

In Figure A.1, transformants had varying degrees of increase in total lipid. Four
transformants with increased total lipid and corresponding change in fatty acid
composition were taken to next generation to obtain homozygous transgenes.
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A.3 Fatty acid composition of T5 independent homozygous transformants
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Figure A.7 Fatty acid composition of the four T5 homozygous transformants of the
different DGAT/dgat1-1 lines
The dgat1-1 mutant was transformed with A. AtDGAT1, B. AtDGAT2, C. GmDGAT2, and D. RcDGAT2. Homozygous transformant
chosen for further analysis are shown with black border. Common names of the fatty acids in x-axis: Palmitic acid (16:0), Stearic acid
(18:0), Oleic acid (18:1), Linoleic acid (18:2), Linolenic acid (18:3), Arachidic acid (20:0), Gondoic acid (20:1), Eicosadienoic acid
(20:2).
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A.4 Incorporation of radioactivity into acyl groups
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Figure A.8 Incorporation of [14C]glycerol into the acyl group of major lipids of TAG
synthesis
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The 14C labelling in the acyl group was measured in A. Col-0, B. dgat1-1, C. AtDGAT1, D. AtDGAT2, E. GmDGAT2, and F.
RcDGAT2. DPM measured in the organic phase of a particular lipid class was divided by the sum of DPM in the organic (acyl) and
the aqueous (backbone) phase to obtain the % of acyl group in y-axis. Each dot represents the average of triplicates with SEM.

A.5 Primers used to screen for the genotype of the transgenic plants
Table A.1 Primers published by Zou et al. (1999) to test for the presence of EMS mutated
dgat1-1 gene

Forward

Primers
Primer A

Reverse

Primer B

Sequence (5’→ 3’)
CGACCGTCGGTTCCAGCTCAT
CGG
GCGGCCAATCTCGCAGCGATC
TTG

Primers A and B produced 386 bp product with wild-type DGAT1 and 533 bp product with mutated dgat1-1 gene.

Table A.2 Primers designed to test the presence of transgenic DNA in the transformed
Arabidopsis plants
Transgene

No gene
AtDGAT1
AtDGAT2
GmDGAT2
RcDGAT2

Primer

Sequence (5’→ 3’)

Forward primers
AtD1prom_1777F TGACGCCTCTTTTCTCCCGA
AtDGAT1_3151F CGCAGCAAGATACCAAAGACAC
AtDGAT2_2168F TCCAGCCTAATCGTGCCTATG
GmDGAT2_2054F CGTTGGTGCTCTTCGCAATC
RcDGAT2_2107F CCGTCGTTTGTGCAGGTATG
Reverse primer for all transgenes
Glycinin_171R
CCCGCAAAAGTTTCGTGACTC
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PCR
product
217
456
827
1019
910
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